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Abstract 
In this paper, a novel Ta3N5/g-C3N4 metal/non-metal nitride hybrid was 
successfully synthesized by a facile impregnation method. The photocatalytic activity 
of Ta3N5/g-C3N4 hybrid nitrides was evaluated by the degradation of organic dye 
rhodamine B (RhB) under visible light irradiation, and the result indicated that all 
Ta3N5/g-C3N4 samples exhibited distinctly enhanced photocatalytic activities for the 
degradation of RhB than pure g-C3N4. The optimal Ta3N5/g-C3N4 composite sample, 
with Ta3N5 mass ratio of 2%, demonstrated the highest photocatalytic activity, and its 
degradation rate constant was 2.71 times as high as that of pure g-C3N4. The enhanced 
photocatalytic activity of this Ta3N5/g-C3N4 metal/metal-free nitride was 
predominantly attributed to the synergistic effect which increased visible-light 
absorption and facilitated the efficient separation of photoinduced electrons and holes. 
The Ta3N5/g-C3N4 hybrid nitride exhibited excellent photostability and reusability. 
The possible mechanism for improved photocatalytic performance was proposed. 
Overall, this work may provide a facile way to synthesize the highly efficient 
metal/metal-free hybrid nitride photocatalysts with promising applications in 
environmental purification and energy conversion.  
Keywords: Ta3N5; g-C3N4; metal/non-metal nitride hybrids; visible-light 
photocatalytic activity; synergistic effect; photostability  
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1. Introduction  
In recent years, semiconductor-based photocatalysis has aroused much interest to 
address the issues of environmental organic pollution and energy crisis, owing to its 
‘green’ nature [1-4]. A large number of semiconductor photocatalysts, such as TiO2, 
ZnO, Ta2O5 etc, have been extensively investigated. Among these photocatalysts, 
TiO2 is the first and the most popular photocatalyst; however, its wide band gap (3.2 
eV) limits its applications since it can only be active under ultraviolet (UV) irradiation, 
which occupies no more than 5% of the solar spectrum [5-6]. In order to effectively 
utilize the abundant energy from sunlight, numerous efforts have been focused on the 
development of visible-light responsive semiconductor photocatalysts including 
g-C3N4 [7], Bi2WO6 [8], BiVO4 [9], CdS [10], Ta3N5 [11], etc. However, single 
photocatalyst shares some inherent drawbacks such as rapid charge recombination, 
poor stability and limited visible-light responsive range, and further enhancement in 
photocatalytic efficiency becomes rather difficult. Therefore, the design and synthesis 
of composite photocatalysts consisting of matched compounds with superior 
efficiency for decomposing organic pollutants seem to be a great challenge for the 
environmental researchers. 
 Metal nitrides are one of the promising candidates due to their low-cost, good 
electrical-thermal stability, high photocatalytic activity and noble-metal-like electron 
feature [12-15]. Moreover, compared with its corresponding oxide, metal nitride often 
possesses a relatively narrower band gap owing to its more negative potential of the 
nitrogen 2p orbital than that of the oxygen 2p orbital, resulting in potentially 
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encompassing nearly the entire solar spectrum [16]. Therefore, metal nitrides can 
function as visible-light-responsive photocatalysts. Among metal nitrides, tantalum (V) 
nitride (Ta3N5) as an effective visible-light-driven photocatalyst has attracted 
increasing attention due to its band gap of 2.08 eV, which allows for the absorption of 
visible light with wavelengths up to 600 nm [11,13]. The prospective candidate Ta3N5 
has been used in the field of the solar water splitting and decomposition of toxic 
organic molecules [17-18]. However, nitrogen anions in Ta3N5 can readily be oxidized 
to N2 by photogenerated holes during the photocatalytic process, so bare Ta3N5 shows 
poor photocatalytic activity and stability, which hinders its practical applications 
[19-20]. To improve the photocatalytic activity and stability of Ta3N5, a strategy must 
be designed for prompting separation of the photogenerated electrons and holes in the 
Ta3N5 catalyst. One effective method is to couple Ta3N5 with other semiconductors to 
form composites. For example, Adhikari et al. synthesized Ta3N5/Bi2O3 composites 
and found that the formation of composites led to increased life time of the 
electron-hole pairs, enhancing the photocatalytic activity of Ta3N5 [21]. Liao et al. 
prepared Co3O4 nanoparticles loaded Ta3N5 composite photoanode and demonstrated 
that Co3O4 nanoparticles assisted in releasing the photogenerated holes accumulated 
on the Ta3N5, thus improving the photostability and performance of Ta3N5 [19]. Wang 
et al. synthesized a novel 3D p-n Ag3PO4/Ta3N5 photocatalyst with enhanced 
photocatalytic activities in situ template-free method [22]. Nevertheless, in the 
modification of Ta3N5 system, it is still of great interest to find more appropriate 
compounds to further enhance the photocatalytic performance and stability of Ta3N5.  
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Recently, a metal-free, graphite-like carbon nitride (g-C3N4) has been extensively 
employed in environmental applications since Wang et al. first reported its 
photocatalytic property under visible light irradiation for hydrogen or oxygen 
production by water splitting in 2009 [7,23,24]. This carbon nitride is thermally stable 
and has a narrow band gap of ~2.7 eV owing to the À-conjugated graphitic planes 
consisted of the sp2 hybridization of the carbon and nitrogen, so it responds to visible 
light with wavelengths up to 460 nm [24-26]. However, the photocatalytic activity of 
individual g-C3N4 is restricted because of the fast recombination of photogenerated 
electron-hole pairs, poor quantum efficiency and the relatively narrow range of 
photon-response (as it absorbs irradiation with wavelength shorter than 460nm only) 
[27]. Therefore, it is of great value to extend the light absorption of g-C3N4 up to a 
larger portion of the available solar spectrum and retard the recombination of electron 
and hole. Material scientists have devoted their efforts to improve the photocatalytic 
activity of g-C3N4 under visible light irradiation by coupling g-C3N4 with other 
materials, in that the planer conjugation structure of g-C3N4 can furnish a scaffold to 
anchor various substrates [26]. A large number of C3N4-based composite 
photocatalysts such as C3N4-TiO2 [28], C3N4-SnS2 [25], Co3O4-g-C3N4 [23], 
C3N4-Bi2WO6 [29] and C3N4-SrTiO3 [30], etc have thence been synthesized. These 
works demonstrated the significantly enhanced photocatalytic activity of the g-C3N4 
by forming composite structures. In light of the superiorities of Ta3N5 and g-C3N4 
mentioned above, if metal-free g-C3N4 couples with metal nitride Ta3N5 to form 
hybrid materials, the photocatalytic activity of the Ta3N5/g-C3N4 hybrid nitrides is 
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expected to be greatly enhanced by the synergistic effect. Moreover, the band edges of 
g-C3N4 (ECB = -1.14 eV, EVB = 1.59 eV) match well with those of Ta3N5 (ECB = -0.19 
eV, EVB = 1.89 eV) overlapping band-structures [31,21]. The well-aligned straddling 
band structures in Ta3N5/g-C3N4 hybrid nitrides can efficiently separate and transfer 
photogenerated electron-hole pairs, which releases the photogenerated holes 
accumulated on the Ta3N5, so the photostability of Ta3N5 can be greatly improved. To 
the best of our knowledge, there is no report on the preparation and investigation of 
such metal-free nitride/metal nitride hybrid system. 
Herein, the synthesis of novel metal/non-metal nitride hybrids consisting of 
g-C3N4 and Ta3N5 by a facile impregnation method was reported. The as-prepared 
Ta3N5/g-C3N4 composites exhibit greatly enhanced photocatalytic activities towards 
the decomposition of organic dye rhodamine B (RhB) under visible light irradiation 
compared with g-C3N4. The optimization of experimental condition was investigated 
in detail and the mechanism of enhanced photocatalytic activity was also proposed. 
This novel Ta3N5/g-C3N4 hybrid nitride photocatalysts as promising photocatalytic 
materials can be potentially used for settling the issue of environmental organic 
pollution. 
2. Experimental 
2.1. Materials 
Melamine, tantalum oxide (Ta2O5, Alfa Aesar, 99.99% metals basis), 
triethanolamine(TEOA), 1,4-benzoquinone (BQ), iso-propanol (IPA), ethanol and 
Rhodamine B (RhB) (C28H31ClN2O3, e95%) were of analytical grade and used 
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without further purification. Ammonia gas was supplied by Pujiang Gas Co., Ltd 
(Shanghai, China). The deionized water was used throughout this research. 
2.2. Photocatalyst preparation 
2.2.1. Preparation of carbon nitride and tantalum nitride 
Bulk g-C3N4 powders were synthesized by themolysis of melamine according to 
the reported literature [32]. In a typical synthesis, 5 g of melamine was put into an 
alumina crucible with a cover, and then heated to 550℃ for 4 h in a muffle furnace at 
a heating rate of 2.3 °C/min. After cooling to room temperature, yellow product was 
collected and ground in an agate mortar for further use. Ta3N5 was fabricated via 
thermal nitridation of commercial Ta2O5 powder at 1023 K for 8 h under anhydrous 
ammonia gas flow (60mL‡ min-1) according to a reported literature [33].  
2.2.2. Preparation of Ta3N5/g-C3N4 hybrids 
Ta3N5/g-C3N4 hybrids photocatalysts were prepared by a facile impregnation 
method. Specifically, calculated amounts of pure g-C3N4 and Ta3N5 were added into 
aqueous ethanol solutions, respectively, and then both were sonicated separately for 
30 min. Afterwards, Ta3N5 suspension was dropwise added into g-C3N4 suspension 
under continuous ultrasonic agitation. The mixture was then sealed and stirred for one 
day before volatilization of ethanol and water. The resultant powders were harvested 
by drying at 80 °C under vacuum. Ta3N5 mass content in the Ta3N5/g-C3N4 hybrid 
nitrides ranged from 1 to 3 wt% with respect to g-C3N4, and the corresponding 
samples were labeled as 1-Ta3N5/g-C3N4, 2-Ta3N5/g-C3N4, and 3-Ta3N5/g-C3N4 
respectively. Pure g-C3N4 was treated for the purpose of comparison under the same 
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experimental conditions. 
2.3. Characterization 
A D/MAX-2500 diffractometer was used to perform X-ray powder diffraction 
(XRD) analysis of all as-prepared photocatalysts using Cu K± radiation over the range 
of 2¸  = 5-80° at the scan rate of 5æ min-1 at room temperature, to examine the phase 
compositions and crystal structures of samples. Fourier transform infrared 
spectroscopy (FTIR) was performed on a Nicolet-560 FT-IR Spectrometric Analyzer 
using KBr pellet. The surface chemical composition and chemical states of the 
catalysts were identified by the X-ray photoelectron spectroscopy (XPS) with a 
Thermo ESCALAB 250X (America) electron spectrometer using 150 W Al K± X-ray 
sources. The transmission electron microscopy (TEM: JEM-2010, Japan) and High 
angle angular dark field-scanning transmission electron microscopy were conducted 
to characterize the samples by transmission electron microscopy (Tenai G2 F30 
S-Twin, FEI) at an acceleration voltage of 20 kV. UV-vis diffuse reflection 
spectroscopy (DRS) was recorded on a UV-2450 spectrophotometer (Shimadzu 
Corporation, Japan) with BaSO4 as the reference. Photoluminescence (PL) 
measurements were carried out on a Perkin-Elmer LS 55 at room temperature with the 
excitation wavelength of 350 nm. Photocurrent was measured on an electrochemical 
workstation (CHI 660B Chenhua Instrument Company). Photocatalytic activities were 
detected on a GHX-3 photochemical reaction instrument. 
2.4. Photocatalytic and active species trapping experiments 
The photocatalytic activities of as-prepared Ta3N5/g-C3N4 hybrid photocatalysts 
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were assessed by the photocatalytic degradation of RhB under visible light irradiation 
using a 250 W Xenon lamp with a cutoff filter (» > 420 nm). In each experiment, the 
photocatalysts of ca. 0.05g were put into 50 mL 10 mg/L of RhB aqueous solution. 
Prior to the photoreactions, the suspension solution was magnetically stirred in the 
dark for 30 min to establish the adsorption-desorption equilibrium. During visible 
light irradiation, 3 mL of the suspension was collected at regular time intervals (30 
min), and separated by centrifugation (10000 rpm, 15 min) to obtain the RhB 
supernatant. The RhB concentration was then analyzed with a UV-vis 
spectrophotometer (Shimadzu, TU-1810) at 553 nm. The active species in the 
photocatalytic process could be detected by trapping experiment with triethanolamine 
(TEOA), 1, 4-benzoquinone (BQ), iso-propanol (IPA), which was similar to the 
photodegradation experiment except that a quantity of scavengers were introduced 
into the RhB solution prior to the addition of the catalyst. All the experiments were 
carried out under ambient conditions.  
3. Results and discussion 
3.1. Characterization of as-prepared samples  
The crystalline structures and phases of as-formed Ta3N5/g-C3N4 photocatalysts 
were characterized by XRD. As illustrated in Fig. 1, the XRD pattern of pure Ta3N5 
shows that all the diffraction peaks (marked with •Ï •) can be indexed to the 
orthorhombic Ta3N5 (01-079-1533) [34]. For pure g-C3N4, the identified peaks at 
13.1° and 27.4° correspond to the (100) and (002) (marked with •f •) diffraction planes, 
respectively (JCPDS 87-1526) [35]. The former is associated with the interlayer 
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structural packing, and the latter is related to the stacking of the conjugated aromatic 
system [27,36]. As for the Ta3N5/g-C3N4 composites, the XRD patterns display the 
combination of two sets of diffraction data for both g-C3N4 and Ta3N5. With the 
increase of Ta3N5 content, the intensities of the Ta3N5 peaks are gradually enhanced at 
the expense of g-C3N4 peaks. The main characteristic diffraction peak positions of 
Ta3N5/g-C3N4 composites do not obviously change after Ta3N5 being hybridized with 
g-C3N4. However, the peak at 2¸ =28.3
° corresponding to the (112) crystal plane of 
Ta3N5 is concealed by the strong peak of g-C3N4. Moreover, there is no other impurity 
phase discovered. The result confirms that Ta3N5/g-C3N4 hybrid photocatalysts are 
composed of Ta3N5 and g-C3N4. 
To further investigate the hybrid combination and interaction between g-C3N4 
and Ta3N5 in Ta3N5/g-C3N4 hybrid nitrides, the FT-IR spectroscopy was carried out 
and the results are shown in Fig. 2. In the case of Ta3N5, the peak at 890 cm
-1 observed 
is attributed to the characteristic absorption band of the Ta-N bond [34]. As for pure 
g-C3N4, the peak at 810 cm
−1 arises from the breathing mode of s-triazine ring [32]. 
Several strong bands in the 1240-1640 cm-1 region are also found in the spectrum. 
The peaks at 1241, 1323, 1409, and 1568 cm−1 correspond to aromatic C-N stretching 
vibrations, while the peak at 1638 cm-1 is related to the typical stretching vibration 
mode of the C=N [37-38]. The broad band centered at 3217 cm−1 is related to the N-H 
stretching vibration of residual amine with the sp2-hybridized carbon and 
intermolecular hydrogen-bonding interactions [39]. As for the Ta3N5/g-C3N4 
composites, the main peaks of g-C3N4 and Ta3N5 are all present and no other new 
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chemical bonds are seen, suggesting the co-existence of g-C3N4 and Ta3N5 in the 
catalyst. Moreover, the intensity of absorption peaks first increase and then decrease 
with increasing Ta3N5 content, which suggests that 2-Ta3N5/g-C3N4 has the richest 
superficial bands with high surface reaction performance, especially in the range of 
1240-1640 cm-1. Additionally, it can also be noted that there is a slight red shift in the 
characteristic peak of the Ta-N stretching vibration in Ta3N5/g-C3N4 composites, 
implying the strong covalent interaction between g-C3N4 and Ta3N5, which agrees 
well with Wang’s report [40]. 
XPS technique is a very important method to investigate the chemical 
composition and states of the as-prepared photocatalysts. The survey scan XPS 
spectra of the pure g-C3N4 and 2-Ta3N5/g-C3N4 photocatalyst are shown in Fig. 3. The 
peaks of C 1s, N 1s, and O 1s representing the carbon, nitrogen and a small amount of 
oxygen are present in the spectra of both pure g-C3N4 and 2-Ta3N5/g-C3N4. The 
oxygen might be absorbed from the atmosphere during the survey scan [44]. For 
2-Ta3N5/g-C3N4, in addition to the peaks of C 1s, N 1s, and O 1s, the peaks 
representing Ta 4f are also detected in the XPS spectrum.  
The high-resolution XPS spectra of C 1s, N 1s, O 1s and Ta 4f are shown in Fig. 
4. As can be seen from C 1s spectra (Fig. 4a), the C peaks at the binding energy of 
284.6 and 288.1 eV for g-C3N4 are assigned to surface adventitious carbon and 
defect-containing sp2-bonded carbon, respectively [27,41]. The C ls spectrum of 
2-Ta3N5/g-C3N4 is similar to that of g-C3N4, but the peak at 288.1 eV in g-C3N4 for 
defect-containing sp2-bonded carbon shifts 0.4 eV towards lower binding energy 
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(287.7 eV). According to the N 1s spectra (Fig. 4b), the N 1s curve of g-C3N4 can be 
deconvoluted into three peaks, locating at 396.5, 398.5 and 400.1 eV, respectively. 
The peak at 396.5 eV is assigned to the sp2-hybridized N nitrogen (C=N-C), 
conforming the presence of sp2-bonded graphitic carbon nitride. The peaks at 398.5 
and 400.1 eV are derived from the bridging tertiary nitrogen N-(C)3 and N atoms in 
amino groups (C-N-H), respectively. Comparatively, the N 1s band of 
2-Ta3N5/g-C3N4 composite can be fitted to four peaks at 395.6, 397.0, 398.5 and 400.1 
eV, respectively. The asymmetrical features of N 1s XPS spectrum for 
2-Ta3N5/g-C3N4 imply the coexistence of a number of distinguishable nitrogen models. 
The new peak at 395.6 eV is ascribed to the N3- of Ta3N5 [22], and the other three 
peaks at 397.0, 398.5 and 400.1 eV are resulted from g-C3N4. Moreover, the binding 
energy at 397.0 eV of N ls for C=N-C in 2-Ta3N5/g-C3N4 composite positively shifts 
by 0.5 eV compared with that of g-C3N4 [37,42]. The above results confirm that Ta3N5 
and g-C3N4 hybrids have been successfully synthesized. And the shifts in C1s and N 
1s suggest the covalent interaction between Ta3N5 and g-C3N4. Such similar 
phenomenon has been reported [43]. The O1s XPS traces of g-C3N4 and 
2-Ta3N5/g-C3N4 (Fig. 4c) show that the binding energy peak of O 1s at ~532 eV 
observed is associated with the adsorbed water molecules from the atmosphere in 
samples [44]. The Ta 4f peaks in Fig. 4d at 25.93 and 23.01 eV correspond to Ta 4f5/2 
and Ta 4f7/2 orbitals of Ta
5+ in 2-Ta3N5/g-C3N4, respectively [45].  
The morphology and microstructure of Ta3N5, g-C3N4 and 2-Ta3N5/g-C3N4 
samples were characterized by FE-SEM and TEM as shown in Fig. 5. From Fig. 5a 
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and 5b, it is obvious that Ta3N5 agglomeration have cuboid-like structures with 
well-defined faces, while pure g-C3N4 is composed of agglomerated morphologies 
with a large size and smoothly stacking flakiness layers [25,46]. After inducing Ta3N5 
to g-C3N4, 2-Ta3N5/g-C3N4 composite consists of irregular agglomeration 
architectures. It can be found that cuboid-like Ta3N5 structures are assembled onto the 
surface of g-C3N4 (Fig. 5c), implying the coexistence of Ta3N5 and g-C3N4 where the 
heterojunction is formed at the interface of Ta3N5/g-C3N4 hybrids. The TEM image 
(Fig. 5d) demonstrates that individual Ta3N5 is composed of irregular nanosized 
blocky structure with well-defined outlines. Pure g-C3N4 reveals an ultrathin sheet 
structure with a big superﬁcial area (Fig. 5e). The corresponding TEM image of 
2-Ta3N5/g-C3N4 composite shows the coexistence of two distinct structures of 
light-colored straticulate g-C3N4 layer and dark Ta3N5 nanosized block (Fig. 5f). More 
attractively, the cuboid-like Ta3N5 are attached to the surface of g-C3N4 sheets, which 
is responsible for the transfer of electrons and holes between g-C3N4 and Ta3N5. In 
order to further explore the distribution and coexistence of elements present, the EDX 
mappings of sample 2-Ta3N5/g-C3N4 composite were carried out. As shown in Fig. 6, 
C, N and Ta species were all detected in Ta3N5/g-C3N4 composite sample, in which a 
spot of Ta element and a mass of C, N elements were seen. And all elemental 
distributions give solid evidence that Ta3N5 are well attached to the surface of g-C3N4 
sheets g-C3N4 sheets, forming heterojunction. 
Full nitrogen sorption isotherms were measured to learn more about specific 
surface area and pore characteristic of pure g-C3N4 and 2-Ta3N5/g-C3N4 composite. As 
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shown in Fig. 7, the isotherm for g-C3N4 and 2-Ta3N5/g-C3N4 are categorized as type 
IV with a typical H3 type hysteresis loop according to the IUPAC classification, 
reflecting that the mesoporous structure are formed due to the irregular agglomeration 
of the plate-like samples. The corresponding pore size distribution curves using 
Barrett-Joyner-Halenda (BJH) analyses (the inset in Fig. 7) illustrate that pore sizes of 
samples are all concentrated at 2-7 nm. For clear comparison, the specific surface area, 
pore volume and pore size distribution of g-C3N4 and 2-Ta3N5/g-C3N4 are summarized 
in Table 1. It can be found that the BET surface area (SBET) of pure g-C3N4 is of 
47.813 m2 g-1. Compared with pure g-C3N4, the 2-Ta3N5/g-C3N4 exhibits a significant 
decreased surface area of 14.475 m2 g-1. The reason may be that cuboid-like Ta3N5 
structures dispersing onto the surface of g-C3N4 should block some part surfaces of 
g-C3N4 [1,58]. From the result, it can be known that the BET surface area is not the 
main factor in enhancing the photocatalytic activity in Ta3N5/g-C3N4 system. 
The optical absorption property is an important factor to influence the 
photocatalytic activity of the catalysts. Thus, the absorbance properties of as-prepared 
samples were analyzed by the UV-vis diffuse reflection spectra (DRS), and the results 
are shown in Fig. 8a. From Fig. 8a, pure g-C3N4 shows the absorbance from UV to 
visible range up to 460 nm due to its intrinsic band gap energy of 2.7 eV [26,47]. The 
absorption onset of Ta3N5 with the band-gap value of 2.08 eV is found at 
approximately 620 nm, which exhibits the broad absorption region of visible-light 
[34]. Compared with pure g-C3N4, the absorption abilities of Ta3N5/g-C3N4 
composites are obviously enhanced in the visible-light region due to the presence of 
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Ta3N5. And the absorption edges of Ta3N5/g-C3N4 composites show red shifts step by 
step with the increasing Ta3N5 content, which corresponds to the color changes of 
composites (the inset in Fig. 8a). The color of pure g-C3N4 and Ta3N5 are light yellow 
and deep red, respectively. And the color changes of hybrid nitrides (from 
1-Ta3N5/g-C3N4 to 3-Ta3N5/g-C3N4) are from cream to cream-pink as the Ta3N5 
content increased. The results suggest that all Ta3N5/g-C3N4 photocatalysts might 
possess higher photocatalytic performances than pure g-C3N4 for their strong visible 
light responsive. In addition, the optical band gap energy of samples was estimated by 
the following formula: 
            ±hv = A(hv−Eg)
n/2                                                 (1) 
Where ± represents the absorption coefficient, h is Planck’s constant, v is light 
frequency, A and Eg are proportionality and band gap energy, respectively. The value 
of n is determined by the transition modes of semiconductors such as indirect 
transition (n=1) and direct transition (n=4). According to previous studies, n values of 
g-C3N4 and Ta3N5 are 4 and 1, respectively. For pure g-C3N4, the band gap was 
obtained from a plot of (±hv)1/2 versus hv [31], and the band gap of Ta3N5 was 
determined by a plot of (±hv)2 versus hv [48]. As illustrated in Fig. 8b, the band gaps 
of Ta3N5 and g-C3N4 were evaluated to be 2.08 eV and 2.73 eV, respectively, which 
closely agree with the previous reports [34,26]. The energy band gaps of 
Ta3N5/g-C3N4 hybrid nitrides (from 1-Ta3N5/g-C3N4 to 3-Ta3N5/g-C3N4) were 
estimated to be 2.72, 2.69 and 2.68 eV from the plots of (±hv)1/2 versus hv, 
respectively. Obviously, the presence of Ta3N5 contributes to the red shift of the 
 16 
 
absorption onset, resulting in the narrow band gaps of Ta3N5/g-C3N4 hybrid nitrides.  
3.2. Photocatalytic activity and stability 
Organic dye RhB was used as a model pollutant to evaluate the photocatalytic 
activities of as-obtained photocatalysts under visible-light irradiation. As shown in Fig. 
9a, the photolysis of RhB without any catalyst is negligible as the RhB concentration 
is almost unchanged. With the addition of pure g-C3N4, the degradation ratio of RhB 
is up to 66.61% after 3 h irradiation, attributing to its appropriate band gap (2.7 eV) 
and unique electronic structure [36]. Further enhancements in photocatalytic activity 
is exhibited by the composite catalyst Ta3N5/g-C3N4, owing to the synergetic effects 
of the two components that result in the increased visible-light absorption and the 
efficient separation of electron-hole pairs between g-C3N4 and Ta3N5. Remarkably, the 
mass content of Ta3N5 has a great influence on the photocatalytic activities of the 
composites. The Ta3N5/g-C3N4 hybrid nitride with 2wt.% of Ta3N5 possesses the 
highest photocatalytic activity (94.43% degradation of RhB after 3h irradiation), 
while Ta3N5 loading over 2wt. % decreases the performance. The reason could be that 
the excess Ta3N5 might form aggregates, which blocked the transfer of electrons and 
holes between g-C3N4 and the Ta3N5.  
In order to investigate the kinetics of RhB degradation by as-prepared 
Ta3N5/g-C3N4 hybrids, the pseudo-first-order equation was used to analyze the 
experiment data as follows:  
                ln(C0/C) = kt                                   (2)                                  
Where k is the apparent pseudo-first-order rate constant, C0 and C are the initial 
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concentration at t=0 and the instantaneous concentration of RhB remaining in the 
solution at irradiation time t respectively. As shown in Fig. 8b, the plots of the 
irradiation time (t) against ln(C0/C) are nearly straight lines, confirming that the 
photodegradation reaction is indeed pseudo-first-order. The pseudo-first-order rate 
constants of composites determined from the slopes of plots (Fig. 9b) are displayed in 
Fig. 9c, it can be easily observed that the values of kinetic rate constant of all 
Ta3N5/g-C3N4 hybrids are much higher than that of g-C3N4. The highest rate constant 
k of 2-Ta3N5/g-C3N4 is 0.9757 h
-1, which is 2.71 times as high as that of pure g-C3N4 
(0.3601 h-1). From these results, it is very clear that the photocatalytic activity of 
Ta3N5/g-C3N4 can be significantly improved after coupling g-C3N4 with Ta3N5. 
In the presence of 2-Ta3N5/C3N4 photocatalyst, the temporal absorption spectra 
changes of RhB after different degradation time are presented in Fig. 9d. Obviously, 
the characteristic maximum absorption peak (553 nm) decreased sharply and almost 
vanished after 3h visible irradiation. It can be also found the main absorption peak of 
RhB blue shifted from 553 to 498 nm during the degradation, and the blue shifted 
absorption peak almost disappeared with the increase of irradiation time to 3h. The 
results demonstrate that the conjugated chromophoric structure of the RhB dye is 
completely destructed and the gradual hypsochromic shifts occurred is related to the 
step-by-step N-deethylation of RhB during the reaction [49]. According to previous 
reports [50], the intermediates generated using RhB as the model pollutant under 
visible-light irradiation are in turn to N,N,N’-triethyl rhodamine, N,N’-diethyl 
rhodamine, N-ethylrhodamine and rhodamine corresponding to 539, 522 , 510 and 
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498 nm, respectively.  
The photostability and reusability of the as-prepared photocatalyst are critical 
parameters for practical applications, and were examined by repeatedly running RhB 
degradation experiments using the same photocatalyst. The experimental conditions 
were set at which the optimal degradation rate was obtained. Fig. 10 shows the 
photocatalytic activity of 2-Ta3N5/g-C3N4 composite decreases only slightly (90.06% 
remaining) after four successive runs under visible light irradiation, which could be 
due to the slight loss of photocatalyst during the experiment. The result above 
demonstrates a relatively long lifetime of 2-Ta3N5/g-C3N4, implying that the 
synthesized photocatalyst possesses high photostability for its practical application. 
3.3. Charge transfer and separation properties  
The transfer and separation efficiency of photogenerated electron-hole pairs were 
estimated by photoluminescence (PL) spectra analysis in as-prepared samples, as 
shown in Fig. 11. Herein, the PL spectra of pure g-C3N4 and Ta3N5/g-C3N4 composites 
were excited by irradiation of wavelength 350 nm. It can be seen that the main PL 
emission peak of pure g-C3N4 is at about 460 nm, because the energy of emission 
light resembles to the Eg of g-C3N4 [51], which is in agreement with the result of the 
UV-vis analysis. When Ta3N5 was combined with g-C3N4, the emission intensity of 
Ta3N5/g-C3N4 composites observed is smaller than that of pure g-C3N4 with the 
emission peak at nearly the same position, and 2-Ta3N5/g-C3N4 sample has the 
weakest intensity. Theoretically, smaller PL intensity means lower recombination rate 
of photo-generated electrons and holes, resulting in higher photocatalytic activity [38]. 
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The findings in PL spectra indicate that the introduction of Ta3N5 to g-C3N4 can 
efficiently suppress the recombination of photo-generated charge carrier, and 
2-Ta3N5/g-C3N4 composite possesses the highest separation efficiency of 
photo-generated electrons and holes. 
To further study the charge transfer and separation properties of Ta3N5/g-C3N4 
composites, the photocurrent-time (I-t) measurement of g-C3N4 and 2-C3N4/Ta3N5 
photocatalyst was performed for several on-off irradiation cycles in Fig. 12. As can be 
seen from the curves, the photocurrent generation sharply increases with light 
irradiation, and the values of photocurrent instantaneously close to zero as soon as the 
lamp is turned off. After several on-off cycles, the photocurrent values become 
constant. Meanwhile, the photocurrents are steady and reproducible during the 
process of photocurrent response [42,36]. In contrast to the pure g-C3N4, the transient 
photocurrent density of 2-C3N4/Ta3N5 photocatalysts is noticeably improved, which is 
about two times higher than that of pure g-C3N4. It is very clear that the 2-C3N4/Ta3N5 
composite displays remarkably higher current responses, indicating that the 
2-Ta3N5/g-C3N4 photocatalyst has a higher separation rate of photoinduced electrons 
and holes as well as a faster charge transfer between g-C3N4 and Ta3N5. As a result, 
2-Ta3N5/g-C3N4 hybrid nitride possesses higher photocatalytic activity than pure 
g-C3N4. 
3.4. Photocatalytic mechanism 
The different active species such as •O2
−, h+ and •OH trapping experiments were 
investigated by the degradation of RhB in the presence of different scavengers to 
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explore the enhanced photocatalytic mechanism. The triethanolamine (TEOA), 
1,4-benzoquinone (BQ) and iso-propanol (IPA) sacrificial agents are applied as the 
hole (h+) scavenger, superoxide radical (•O2
−) scavenger, hydroxyl radical (•OH) 
scavenger, respectively. As shown in Fig. 13, the introduction of TEOA significantly 
suppresses the photodegradation activity of composite, demonstrating the 
photogenerated holes play a crucial role in the photocatalytic reaction. The addition of 
IPA also slightly decreases the photocatalytic activity, whereas BQ only shows a little 
effect on the photodegradation of RhB, manifesting that •OH is also a minor activated 
species and •O2
− almost has no effect on photodegradation of RhB.  
On the basis of above discussion, the schematic mechanism of enhanced 
photocatalytic activity over Ta3N5/g-C3N4 photocatalysts was tentatively proposed in 
Fig. 14. It’s well known that the band edges potential position of two semiconductors 
play an important role in studying the flowchart of photo-excited charge carriers in 
hybrids, which influences photocatalytic performance of as-formed photocatalysts 
[36]. The potentials of the conduction band (CB) of g-C3N4 and Ta3N5 were calculated 
by the following equation of Mulliken electronegativity theory [52]: 
         ECB = Ç − E0 −0.5 Eg                                (3) 
Where Ç are 4.73 and 5.35 for g-C3N4 and Ta3N5, respectively [21,31]. E0 is the energy 
of free electrons with the hydrogen scale (4.5 eV), and Eg is the band gap energy. 
According to the result of UV-Vis absorption spectra, the Eg energy of g-C3N4 and 
Ta3N5 were 2.73 and 2.08 eV, respectively. Thus, the conduction band (CB) of g-C3N4 
and Ta3N5 were evaluated to be -1.14 and -0.19 eV versus normal hydrogen electrode 
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(NHE), respectively. The valence band gap (VB) of g-C3N4 and Ta3N5 were about 1.59 
and 1.89 eV vs. NHE, respectively by the following empirical formula: 
                EVB = ECB + Eg                                      (4) 
When Ta3N5 is connected to g-C3N4, the Ta3N5/g-C3N4 hybrid nitrides have the 
well-aligned straddling band structures due to the matched values of conduction band 
(CB) and valence bandgap (VB) of Ta3N5 and g-C3N4 (Fig. 14). Under visible light 
irradiation, both g-C3N4 and Ta3N5 can be excited simultaneously to create electrons 
and holes in the conduction band and valance band for their narrow bandgaps (Eq. 4). 
The well-aligned straddling band structures endow that the photogenerated electron 
on the CB of g-C3N4 can easily transfer to the CB of Ta3N5, which is assigned to the 
potential of CB of g-C3N4 (-1.14 eV) is more negative than that of Ta3N5 (-0.19 eV). 
Meanwhile, the holes on VB of Ta3N5 can be injected to the VB of g-C3N4. The 
charge transfer effectively inhibits the recombination of photoproduced electron-hole 
pairs, and thus enhances the photocatalytic activity. Compared with the standard 
redox potential of •OH, H+/H2O (E
0 (•OH, H+/H2O) = 2.7 eV vs. NHE) [57], the 
photoexcited holes (including g-C3N4 and Ta3N5) on the g-C3N4 surface are 
insufficient to oxidize H2O to produce •OH radicals due to its more negative VB (1.59 
eV). Therefore, the separated holes effectively collected by g-C3N4 have the tendency 
to directly decompose RhB during the process (Eq. 5) [58]. It is worth noting that the 
holes transferred onto the g-C3N4 surface also greatly improve the photostability of 
Ta3N5 because the chance for the oxidation of nitrogen anions in Ta3N5 by 
photogenerated holes significantly is reduced during the photocatalytic process. The 
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photogenerated electrons moving to Ta3N5 are able to react with O2 to form reactive 
superoxide radical ions (•O2
−) in that the CB of Ta3N5 (-0.19 eV) is more negative 
than that of O2/•O2
− (E0 (O2/•O2
−) = -0.046 eV vs. NHE) (Eq. 6) [53-56]. Then, the 
•O2
− further reduced or disproportionated by one electron, resulting in the formation 
of H2O2 (Eq. 7). And the H2O2 can react with the electrons to produce •OH (Eq. 8), 
which can decompose the RhB molecules (Eq. 9). Based on the above discussion, the 
charge transfer and the photodegradation of RhB are proposed as follows [59-60]: 
      Ta3N5/g-C3N4 + hv’ Ta3N5/g-C3N4 (e
- + h+)                  (4) 
      h+ + RhB ’  degradation products                          (5)  
O2 + e
− ’ •O2
−                                          (6) 
•O2
−+ e−+2H+ ’  H2O2
                                                       (7) 
      H2O2 + e
− ’  •OH + OH−                                                   (8) 
•OH + RhB ’  degradation products                          (9) 
Conclusions 
In summary, a novel Ta3N5/g-C3N4 metal/metal-free hybrid nitride was 
successfully fabricated through a facile impregnation method. The experiment results 
showed that the introduction of Ta3N5 to g-C3N4 created synergistic effects that 
enhanced the visible-light absorption and efficiently retarded the recombination of 
electron-hole pairs in Ta3N5/g-C3N4 system, resulting in the superior photoactivity and 
high photostability of composite. The Ta3N5/g-C3N4 hybrid nitride with 2 wt. % Ta3N5 
exhibited the highest photocatalytic efficiency (94.43%) for the degradation of RhB, 
which was about 2.71 times higher than that of pure g-C3N4. This study implied that 
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this Ta3N5/g-C3N4 hybrid nitride composite material might have great potential 
applications in pollutant removal and energy conversion. 
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Fig. 1. XRD patterns of as-prepared photocatalysts: (a) Ta3N5; (b) 3-Ta3N5/g-C3N4; (c) 
2-Ta3N5/g-C3N4; (d) 1-Ta3N5/g-C3N4; (e) g-C3N4. 
 34 
 
 
 
Fig. 2. FTIR spectra of as-prepared samples: (a) Ta3N5; (b) 3-Ta3N5/g-C3N4; (c) 
2-Ta3N5/g-C3N4; (d) 1-Ta3N5/g-C3N4; (e) g-C3N4. 
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Fig. 3. XPS survey spectra of g-C3N4 and 2-Ta3N5/g-C3N4 photocatalysts. 
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Fig. 4. High-resolution XPS spectra of samples: (a) C 1s, (b) N 1s and (c) O 1s of 
g-C3N4 and 2-Ta3N5/g-C3N4 samples, (d) Ta 4f of 2-Ta3N5/g-C3N4 composite. 
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Fig. 5. FE-SEM images of samples: (a) Ta3N5, (b) g-C3N4, (c) 2-Ta3N5/g-C3N4, and 
TEM images of (d) Ta3N5, (e) g-C3N4 and (f) 2-Ta3N5/g-C3N4. 
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Fig. 6. HAADF-STEM images of the 2-Ta3N5/g-C3N4 sample with EDS maps of C-K, 
N-K, and Ta-L. 
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Fig. 7. Nitrogen sorption isotherms and corresponding Barrett-Joyner-Halenda (BJH) 
pore size distribution plots (inset) of (a) g-C3N4 and (b) 2-Ta3N5/g-C3N4. 
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Fig. 8. (a) UV-vis diffuse reflection spectra of as-prepared photocatalysts; (b) the plots 
of the (±h½)1/2 vs photon energy (h½) for g-C3N4 and X-Ta3N5/g-C3N4 (X=1,2,3) and a 
plot of the (±h½)2 vs photon energy (h½) for Ta3N5.  
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Fig. 9. (a) Photocatalytic degradation of RhB in the presence of as-prepared samples 
under visible light irradiation; (b) first-order kinetics data for the photodegradation of 
RhB over as-synthesized composites; (c) the apparent rate constants for RhB 
degradation; (d) temporal UV-vis absorption spectral changes of RhB in aqueous 
solution over 2-Ta3N5 /g-C3N4 photocatalyst. 
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Fig. 10. Cycling runs in photocatalytic degradation of RhB over 2-Ta3N5/g-C3N4 
photocatalyst under visible light irradiation. 
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Fig. 11. Room temperature photoluminescence (PL) spectra of as-prepared samples.  
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Fig. 12. Transient photocurrent responses of pure g-C3N4 and 2-Ta3N5/g-C3N4 under 
visible light irradiation. 
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Fig. 13. Trapping experiments of active species during the photocatalytic degradation 
of RhB over 2-Ta3N5/g-C3N4 catalyst under visible light irradiation. 
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Fig. 14. Proposed photocatalytic mechanism of the charge transfer and RhB 
photodegradation in Ta3N5/g-C3N4 hybrids under visible light irradiation. 
 
 
 
Table 1Measured BET parameters ofg-C3N4and 2-Ta3N5/g-C3N4hybrid photocatalysts. 
 
Sample 
Surfacearea 
(m2g-1) 
Porevolume 
(cm3 g-1) 
Averagepore size 
(nm) 
g-C3N4 47.813 0.045 3.829 
2-Ta3N5/g-C3N4 14.475 0.060 3.823 
 
 
